Abstract The identification of Pseudomonas stutzeri clinical isolates through conventional phenotypic methods was compared with identification through partial rpoD gene sequencing. We observed that commercial phenotypic systems easily confuse P. stutzeri with other Pseudomonas species. We also demonstrated that most of the clinical strains of P. stutzeri herein studied (79%) belonged to genomovar 1 of the species.
Introduction
Pseudomonas stutzeri is a widely distributed non-fluorescent denitrifying pseudomonad isolated mainly from environmental samples [11] . Strains of the species can be ascribed to one of at least 19 intra-specific groups genomically and phylogenetically related (called genomovars), which cannot be differentiated clearly from each other by phenotypic or biochemical tests [13] . The genomovar concept was originally defined for P. stutzeri as a provisional taxonomic status for genotypically similar strains within a bacterial species. Members of the same genomovar have more than 70% similarity in DNA-DNA hybridisations. Members of different genomovars usually have similarity values below 65% [6] . The organism is ubiquitous in hospital environments and it is an opportunistic, but rare, pathogen. Although there are some descriptions of P. stutzeri infections in patients with no underlying diseases [10] , it is primarily opportunist, causing infections in immunocompromised hosts and seriously ill hospitalised patients with invasive medical devices. It has been recovered from wounds, the respiratory tract of intubated patients and from the urinary tract. It has been reported to cause bacteraemia, meningitis, pneumonia and osteomyelitis [20] . Furthermore, a case of infective endocarditis with a relapse after 4 years was reported to be caused by genetically highly related P. stutzeri isolates [8] . Most infections due to P. stutzeri are iatrogenic, associated with the administration of contaminated solutions, medications and blood products, or with the presence of indwelling catheters in compromised patients. Due to its genomic Electronic supplementary material The online version of this article (doi:10.1007/s10096-012-1547-4) contains supplementary material, which is available to authorized users. plasticity and capability to capture genes from the environment [21] , P. stutzeri must be considered of relevance as a possible environmental reservoir of antibiotic resistance genes [6] . Yan et al. [27] described the emergence of IMP-and VIMtype metallo-β-lactamases (MBL) in Pseudomonas species isolated in Taiwan. An integron-carrying bla IMP-16 MBL was recently described in a P. stutzeri isolate in Brazil [4] . Poirel et al. [17] characterised a new MBL bla DIM-1 from a P. stutzeri clinical isolate in the Netherlands which conferred resistance to oxyiminocephalosporins, cephamycins and carbapenems, though not to aztreonam.
Despite the importance of the accurate identification of Pseudomonas species, previous studies demonstrated the unreliability of phenotypic methods, including API 20NE (bioMérieux), Vitek GNI+ (bioMérieux), MicroScan W/A (Dade MicroScan Inc.) and Crystal E/NF (Becton Dickinson Microbiological Systems), compared with different molecular techniques, to identify non-fermenting Gram-negative bacteria at the species level [3, 16, 22] . Molecular markers are a complementary tool for the accurate identification and classification of Pseudomonas species, due to the high sensitivity and specificity that they provide. DNA sequencing techniques are being introduced in the clinical microbiology laboratory and they are likely to become routine in the near future [12] . The superiority of molecular techniques has been emphasised for the identification of Gram-negative, oxidase-positive rods from patients with cystic fibrosis [24] .
The analysis of 16S rRNA gene sequences is a widely accepted tool for molecular identification in bacteria. However, since 16S rRNA gene sequences show very little polymorphism in species in the genus Pseudomonas, accurate molecular identification has to be achieved by other techniques, such as through rpoD gene sequence analysis (as well as other housekeeping genes), as shown for the genus Pseudomonas by Mulet et al. [14, 15] and Yamamoto et al. [26] . Effectively, the rpoD gene was shown to be a convenient gene when analysing Pseudomonas, not only for its high discriminatory power between species, but also for the high specificity and efficiency of the primers used, together with the lower sequences contamination of databases, at least nowadays, compared to that of 16S rRNA gene sequences. Moreover, the comparative analysis of this gene facilitates genomovar differentiation among P. stutzeri isolates [5, 13] .
In this study, we analysed the utility of partial rpoD gene sequence analysis as an efficient tool for the identification and genomovar assignation of P. stutzeri strains isolated in clinical environments.
Materials and methods
A collection of 159 P. stutzeri strains isolated from clinical environments, previously identified by phenotypic methods, were used in this study: 107 P. stutzeri isolates recovered from clinical material over a 19-year period up to 1986 in the United Kingdom and submitted to the National Collection of Type Cultures (NCTC) and identified through standard biochemical tests [9] , 17 isolates recovered from clinical material in Malmö, Sweden, during the period 1971-1989 [18] identified by the API system (bioMérieux), 28 isolates from the culture collection of the Hospital Universitario Son Dureta in Palma de Mallorca, Spain [this study, 1], identified by the API system (bioMérieux) or the MicroScan W/A system (Dade MicroScan Inc.) and seven strains recovered from clinical specimens in Copenhagen, Denmark [23] , also identified through standard biochemical tests. Reference strains of P. stutzeri genomovars were included in the study, as well as P. balearica DSM 6083 T , P. xanthomarina CCUG 46543 T and P. mendocina ATCC 25411 T as representatives of closely related species. P. aeruginosa CCM 1960
T was used as an outgroup. Two environmental strains (PE and V81) not yet assigned to genomovars were also included. A complete list of the strains included in the study is provided in Table S1 in the supplemental material.
The DNA extraction was as described by Wilson [25] . Procedures for the amplification and sequencing of the 16S rRNA gene and partial rpoD gene with specific Pseudomonas primers (PsEG30F ATYGAAATCGCCAARCG, PsEG790R CGGTTGATKTCCTTGA), sequence alignments and the construction of phylogenetic trees were as described previously [5, 14] . 16S rRNA gene sequencing was used when an isolate did not appear to be affiliated with the Pseudomonas genus. Sequences have been deposited in the EMBL database (the accession numbers are listed in Table S1 in the supplemental material). The Unweighted Pair Group Method with Arithmetic Mean (UPGMA) analysis was done using the 'Multivariate' statistic tool included in PAST program (http://folk.uio.no/ohammer/past/index.html), using the Jaccard correlation coefficient.
Results
The analysis of the partial sequence of the rpoD gene allowed us to confirm 138 of the isolates as P. stutzeri (86.8%) from the initial set of 159 presumptive P. stutzeri strains isolated from clinical environments. The phylogenetic tree in Fig. 1 shows the genomovar organisation of these 138 isolates of P. stutzeri. The majority of them (79%) were assigned to genomovar 1 (Fig. 1a) , whilst 8.7% and 5.1% were assigned to genomovars 2 and 3, respectively; the remainder fell into five of the remaining 16 genomovars or could not be assigned to known genomovars within the species (Fig. 1b) .
Comparison between MicroScan W/A and rpoD gene sequence-based identification for 15 isolates from Son Dureta Hospital are summarised in Table 1 . The analysis of these 15 isolates with MicroScan resulted in 12 different biotypes (data not shown). With this system, we observed isolates with a low percentage of assignment to P. stutzeri that, nevertheless, were confirmed as P. stutzeri through rpoD gene sequence based identification, as well as isolates with a high percentage of assignment to P. stutzeri that resulted in identification as other Pseudomonas species. The identification of these isolates with MicroScan relied mainly on the antibiotic resistance profile and the utilisation of malonic acid as the sole source of carbon.
The partial rpoD gene sequence analysis facilitated the identification to the species level of the remaining Fig. 2 Phylogenetic tree based on the partial rpoD gene sequence analysis of Pseudomonas species (67 of the 107 Pseudomonas type strains used are shown). Bootstrap values higher than 50% (from 1,000 replicates) are indicated in the nodes. The bar indicates sequence divergence. Clinical isolates from this study are highlighted in bold 21 Pseudomonas strains previously (incorrectly) ascribed to P. stutzeri purely on phenotypic grounds [1, 9] . The phylogenetic affiliation of these isolates (13.2% of the clinical isolates) was analysed together with 107 Pseudomonas type strains [14] . These non-P. stutzeri isolates were assigned to P. mendocina (one strain), P. moraviensis (one strain), P. oleovorans (one strain), P. toyotomiensis (two strains), P. aeruginosa (one strain) and to 4-5 probably new Pseudomonas species (11 strains) (Fig. 2) .
The API 20NE strips are also used routinely in the medical microbiology laboratory for Pseudomonas identification. As indicated in Table 2 , the phenotypical identification of 29 P. stutzeri strains representing the 19 genomovars of the species gave rise to an erroneous classification in 10 of them (34%). Moreover, Table 2 also shows the incorrect API 20NE identification of four strains classified in other Pseudomonas species by molecular sequencing methods.
The UPGMA cluster analysis of 65 biochemical tests of 53 of the isolates studied previously [9] was carried out in order to see the organisation of the isolates depending only on phenotypic traits. The results are shown in Fig. 3 . We found no clear correlation with P. stutzeri genomovars and observed that these biochemical tests are not sufficient to discriminate P. stutzeri from some other Pseudomonas species.
Discussion
The rpoD gene analysis permitted the identification and genomovar assignation of 159 presumptive P. stutzeri strains isolated from clinical environments and previously identified in clinical laboratories by routine methods [this study, 1, 9] . The isolates were ascribed mostly to genomovar 1 of P. stutzeri, which is consistent with previously reported studies, where the concepts of ecotypes and niche adaptation in P. stutzeri were analysed [6] . It has been previously reported that the phenotypic identification of P. stutzeri strains could yield incorrect results. Effectively, as demonstrated in this and other studies, different commercial identification systems confuse P. stutzeri with Plesiomonas shigelloides, P. fluorescens [16] , P. fragi, P. lundensis [7] and with P. aeruginosa [3] , or also with members of the genera Comamonas and Ochrobactrum. Different Pseudomonas species are likely to be confused with P. stutzeri when applying only phenotypic identification. Several studies have been carried out in order to try to determine discriminative phenotypic characters for the differentiation of P. stutzeri genomovars [18, 19] , but they were not successful. UPGMA analysis in this study also indicated the difficulty of differentiating genomovars on phenotypic tests and the ease of confusing P. stutzeri with some other species.
Given these considerations, we propose the use of partial rpoD gene sequence comparative analysis as a simple and unambiguous approach for both the routine identification and the genomovar assignation of P. stutzeri clinical isolates. This method is also useful for epidemiology and molecular typing studies. To ensure the simplicity and reliability of this method, we recommend the utilisation of the PseudoMLSA database (http://www.uib. es/microbiologiaBD/Welcome.html) in a framework of effectively curated sequence sets, selected under nonredundancy and reference strains (i.e. those sequences of type strains) criteria; it is a powerful tool for the rapid identification of any Pseudomonas isolate through multigenic sequence analysis [2] . Fig. 3 Phenogram based on the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) analysis of 65 biochemical tests [9] for 53 selected P. stutzeri clinical isolates. Identification of the isolates was based on the partial rpoD gene sequence analysis (except for Alcaligenes faecalis, for which 16S rRNA gene analysis was used). The biochemical tests included were: motility 37°C, motility room temperature, growth 37°C, growth room temperature, growth MacConkey, catalase, oxidase, nitrate, Simmons citrate, Christensen's citrate, urease, gelatin stab, gelatin plate, KCN, H 2 S paper, H 2 S TSI, gluconate, malonate, ONPG, phenylpyruvic acid (PPA), arginine, lysine, ornithine, glucose, PWS, gas glucose, selenite 0.4%, casein hydrolysis, DNAse, glucose ASS, adonitol ASS, arabinose ASS, cellobiose ASS, dulcitol ASS, glycerol ASS, inositol ASS, lactose ASS, maltose ASS, mannitol ASS, raffinose ASS, rhamnose ASS, salicin ASS, sorbitol ASS, sucrose ASS, trehalose ASS, xylose ASS, ethanol ASS, fructose ASS, Thornley arginine, Tween 20, Tween 80, tyrosine hydrolysis, brown melanin-like pigment on tyrosine agar, nitrite, poly-β-hydroxybutyrate (PHBA) growth, PHBA inclusion, aesculin, cetrimide, fluorescence on Kings B, growth 5°C, growth 42°C, 3-ketolactose, lecithinase, starch hydrolysis, acid from 10% glucose, acid from 10% lactose
